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(54) Optical fiber. 

(57) The present invention is directed to an optical fiber comprising a core and a cladding layer wherein at 
least one of the constitutional parameters thereof changes along the longitudinal direction of the 
optical fiber. In order to present a useful optical fiber wherein the occurrence of a Brillouin scattering is 
prevented, an optical fiber having altered constitutional parameters is found to be effective. The 
constitutional parameters mean the parameters which determine the constitution of the optical fiber 
and is capable of influencing the condition of electromagnetic wave transmitting therethrough such as 
light or acoustic wave. The constitutional parameters include diameter of the core, index of refraction of 
the core, diameter of the optical fiber, composition of the glass, residual stress of the core. Some 
examples are disclosed about their manufacturing process and the test results. Much improvement was 
measured, especially in the use for a single mode optical fiber. 
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BACKGROUND OF THE INVENTION 

The present invention relates to optical fibers for use in light transmission wherein the range of spectral 
bandwidth of the liaht source is narrow and the cower of the light in i anted to the nntiral fihers is lame* these 
5 optical fibers can prevent the occurrence of the induced Brillouin scattering. 

In accordance with the advance of optical technology, a high energy light source is easily obtainable 
through an optical amplification method, this light source also has a narrow spectral bandwidth of less than 
several 10 MHz. An optical fiber having a transmission-loss ratio which almost equals the theoretical ratio, i.e., 
0.20 dB/km, is also producible in a mass production. As a result of these improvements, an unrepeated trans- 
10 mission distance can be increased up to about 300 km. As an optical fiber for use in a transmission network 
system, a single mode optical fiber is employed. 

However, when strengthening the intensity of the input light to the optical fiber in order to further lengthen 
the transmission distance, when the intensity of the light is greater than a certain threshold value, non-linear 
optical effects occur, such as Laman scattering, induced Brillouin scattering, and Four-Photon Mixing. In these 
15 effects, the induced Brillouin scattering and the Four-Photon mixing can be observed in a relatively low intensity 
range of input light. By using a coherent light of the source which has a smaller spectral bandwidth of about 
several hundred MHz, which corresponds to Brillouin's bandwidth, an induced Brillouin scattering can be easily 
observed. 

The induced Brillouin scattering is a phenomenon in which light is scattered by a slight deviation of fre- 
20 quency which is caused by a longitudinal acoustic wave in the glass constituting the optical fiber. The light is 
scattered in a direction in which the phase of the incident rays and the scattered light coincide. On the other 
hand, the natural frequency of the acoustic wave in the optical fiber is in the range of several GHz to several 
tens of GHz, and the transmission velocity thereof is about several thousand m/min. Therefore, the direction 
in which the interaction between the incident light and the acoustic wave is maximum is the direction opposite 
25 to that of incident light; the result is that the scattered light returns from the inside of the optical fiber to the in- 
cident end thereof. 

Fig. 4 illustrates a measuring system for measuring the amount of light scattered by induced Brillouin scat- 
tering. The measuring system is comprised of a signal source 4, an optical amplifier 5, and an optical fiber loop 
7 connected to one another via a branching optical coupler 6. By this construction, the measuring system can 

30 measure the amount of light generated by induced Brillouin scattering, which is scattered in a backward direc- 
tion from the optical fiber loop 7 and is branched by the branching optical coupler 6. In the Fig. 4, a transmission 
of signal light is indicated by continuous lines and a transmission of light of induced Brillouin scattering is indi- 
cated by chained lines. The signal light is injected from the signal source 4 into the measuring system and am- 
plified by the optical amplifier 5, is further branched by the branching optical coupler 6. Thus, a small part of 

35 the incident light is guided to an optical power meter 1 and detected thereby, and the larger part of the incident 
light is guided to the optical fiber loop 7 and injected thereto. In the optical fiber loop 7, the incident light gen- 
erates Brillouin scattering, and the light transmitted through the optical fiber loop 7 in the forward direction is 
injected into the optical power meter 2 and is detected thereby. The light scattered in the backward direction 
is guided to the optical power meter 3 via the optical coupler 6 and is detected thereby. 

40 By using the measuring system having this construction, the intensity of Brillouin scattering was measured 

around the conventional optical fiber. The construction parameters of the optical fiber are shown below. The 
optical fiber is connected to the measuring system, and the quantity of both the transmission light detected by 
the optical power meter 2 and the scattered light detected by the optical power meter 3 are respectively meas- 
ured while the supply of the incident light is altered. The optical coupler 6 splits the injected light at a constant 

45 ratio so that the quantity of incident light can be estimated by the quantity measured by the optical power meter 
1. 

Conventional Example 
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Outer Diameter 



125 u m 



Core Diameter 



9 vm 
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Deviation of the Core Diameter 



<0.1 M m 
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Deviation of the Core Diameter 



<0.1 tin 



Difference of the 



Specific Refraction Ratio 



between Core 



and Cladding layer 



<0.01 % 



Length of Optical 



Fiber 



about 40 km 
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The measurement results of the conventional example are illustrated in the Fig. 5 by chain lines. In Fig. 5, 
the quantity of incident light is plotted on the x-axis, and the quantities of the light transmitted in the forward 
direction and the light scattered in the rearward direction are respectively plotted on the right and left y-axis, 
thus the relationship of the changes of quantity of forward transmission light and rearward scattered light to 
that of the incident light into the optical fiber is illustrated. 

Fig. 5 shows that in a small range of the quantity of incident light, the quantity of the scattered light in the 
rearward direction and the incident light are proportional and linear. In this range, Rayleigh scattering was ob- 
served in which frequency and wave length of the scattered light are the same as those of the incident light. 
On the other hand, when gradually increasing the quantity of incident light, although the quantity of the scattered 
light concomitantly increases at first the quantity begins to increase sharply when the incident light quantity 
reaches a certain value. In this induced Brillouin scattering, frequency of the scattered light differs slightly from 
that of the incident light. The generation of scattered light begins to increase by induced Brillouin scattering at 
a threshold value of 7.5 dBm. 

Measurements were taken of optical fibers having different constitutional parameters. By the results of such 
measurement, the threshold value was smaller in the case of a single mode optical fiber than in a case of a 
multiple mode optical fiber, since the power density of light injected into the core is higher in the former than 
in the latter, thus-induced Brillouin scattering occurs at a smaller quantity of incident light. It was also found 
that the threshold value is small when the ratio of index of refraction between the core and the cladding layer 
is large, or when the diameter of the core is small. 

In a long-distance transmission, a single mode optical fiber is used in general. However, when injecting 
light of more than several dBm from the light source having a spectral bandwidth smaller than 100 MHz into 
the single mode optical fiber, a significant quantity of light returns to an opposite direction, i.e., toward the in- 
cident end of the optical fiber after scattering. For instance, when injecting 20 dBm light, about 19.5 dBm light 
returns to the incident end by scattering. Thus, even when injecting a large quantity of light into the conventional 
optical fiber, it cannot be transmitted therethrough; therefore, the transmission distance without a repeater can- 
not be lengthened. 

This invention was done on the above background, and the object of the present invention is to provide 
an optical fiber for use in transmitting a light of narrow spectral bandwidth and high power, in which generation 
of induced Brillouin scattering is restricted, and an enlarged transmission distance without a repeater can be 
obtained. 

SUMMARY OF THE INVENTION 

According to the present invention, at least one of the constitution parameters of the optical fiber is varied 
along its length. Therefore, by using the optical fiber of the present invention, when injecting a large quantity 
of light, unfavorable nonlinear effects caused by longitudinal acoustic waves such as induced Brillouin scatter- 
ing, can be reduced. Thus, a long-distance transmission of more than 300 km can be obtained without the need 
for repeaters by using light of a narrow spectral bandwidth. It is also possible to inject and transmit a light of 
significantly high quantity level of more than 20 dBm by connecting the optical fiber of the present invention to 
an incident side of a transmission system. 

Furthermore, coherent transmission is possible by using such a narrow spectral bandwidth, in which im- 
provement of about 20 dB is obtained compared to the conventional intensity modulation and direct detection 
method to realize a long distance transmission with a high accuracy. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a graph showing a deviation of core diameter of an optical fiber of the first embodiment according 
to the present invention; 

Fig. 2 is a graph showing variation of the drawing force acting on the core in the second embodiment of 
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the invention; 

Fig. 3 is a graph showing variation of the drawing force acting on the core in the third embodiment of the 
invention; 

Fia. 4 is £ schematic view fthnu/inn a moacurinn e\/cfom fnr rr*£*r*c».r:r?~ **--t 

5 Fig. 5 is a graph showing change of quantity of a forward transmitted light and rearward scattered light 

against a change of quantity of incident light; 

Fig. 6 is a graph schematically showing a change of frequency and frequency bandwidth generated by in- 
duced Brillouin scattering; 

Fig. 7 is a schematic view showing a wire drawing apparatus for manufacturing optical fibers. 

10 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The preferred embodiment of the present invention will be described below. 

The induced Brillouin scattering is a phenomenon in which light is scattered by slight deviation of frequency 
15 caused by longitudinal acoustic waves in glass which constitutes the optical fiber. The change of frequency 
and frequency bandwidth was detected by the following method. The measuring light of a sufficiently narrow 
spectral bandwidth smaller than several MHz was injected into the optical fiber, and variation of frequency of 
the scattered light was observed. Frequency of the scattered light (shown as fB in Fig. 6) was shifted and be- 
came smaller than that of the incident light (shown as fO in Fig. 6) according to the frequency of the acoustic 
20 wave. The quantity of the shift of frequency (called "Brillouin shift frequency" hereafter and indicated as AfB in 
the figures) was of several GHz, which was much smaller than the frequency of several hundred THz used in 
ordinary optical communication. The gained frequency bandwidth (shown as TB in the figure) was of several 
tens of MHz. 

The observation was carried out on many kinds of optical fibers. The Brillouin shift frequency AfB varied 
25 according to the change of quantity of constitutional parameters such as diameter of the core, index of refraction 
of the core, diameter of the optical fiber, composition of the glass, or residual stress of the core. The gained 
frequency bandwidth TB was observed to be significantly narrowed when an optical fiber had uniform consti- 
tutional parameters along its length and was very long. Therefore, the quantity of induced Brillouin scattering 
was found to be dependent on the constitutional parameters of the optical fiber and the uniformness thereof 
30 along its length. 

The optical fiber of the present invention has nonuniform constitutional parameters along its length. The 
term "constitutional parameters" indicates the parameters which determine the constitution of the optical fiber 
and are capable of influencing the condition of electromagnetic waves transmitting therethrough such as light 
or acoustic waves. The constitutional parameters include the diameter of the core, index of refraction of the 
35 core, diameter of the optical fiber, composition of the glass, and residual stress of the core. It is possible to 
alter one or more parameters simultaneously, and the selection of them or the altering conditions can be de- 
termined suitably. 

Furthermore, the alteration of such parameters can be performed in such a manner that they change grad- 
ually and unidirectionally from one end of the optical fiber to the other; however, it is also possible to have them 
40 change in a cyclic manner so that the invention will be applicable to optical fibers for a long-distance transmis- 
sion. It is also possible to alter the parameters such as the residual stress of the core according to a rectangular 
wave or triangular wave. 

Although the invention may be used for both the single mode optical fiber and the multiple mode optical 
fiber, a rather large effect can be obtained in the single mode optical fiber in which a threshold for induced Bril- 

45 louin scattering is low. The term "single mode optical fiber" described here means an optical fiber capable of 
substantially being used in a single mode transmission, and includes an optical fiber which can also be used 
in a secondary mode transmission when it can be deemed as a single mode optical fiber because of its short 
distance attenuation as much as 1 km. 

An optical fiber having an altered core diameter along the longitudinal direction can be obtained by changing 

so the forming conditions of the optical fiber suitably in its formation process. An optical fiber having an altered 
index of refraction can be obtained by changing the supplied amount of doping elements or changing the type 
thereof. 

An optical fiber having altered residual stress can be obtained by changing the tensile force in the drawing 
formation process when manufacturing a single mode optical fiber from starting material. 
* A schematic configuration of a drawing process and a drawing apparatus for optical fibers is shown in Fig. 

7. A starting material 1 1 having a core-clad construction is charged into a heating furnace 12 and heated at 
about 2000 degrees centigrade to be softened. Subsequently, the starting material is drawn by a drawer 14 
through a drawing nozzle so as to elongate the material and decrease its diameter. The viscosity of the base 
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material 1 1 is adjusted in advance by adjusting the selection of doping elements and/or the amount of supply 
thereof so that the viscosity of the core 15 becomes larger than that of the cladding layer 16. As shown in the 
enlarged view in Fig. 7, the material having decreased diameter is solidified to form an optical fiber 13 In this 
process, the core 15 is first solidified, then the cladding layer 16 is solidified later this is because the viscosity 
of the glass material of the core 15 differs from that of the cladding layer 16. 

In an optical fiber thus obtained, since the core has an extremely small cross-sectional area compared to 
that of the cladding layer, i.e., approximately 0.5 to 1 .0 % thereof, the drawing force acts selectively on the core 
15. The core 15 is elastically extended since the core 15 is solidified and the cladding layer 16 is still plastic. 
Subsequently, as the cladding layer 16 at the corresponding location is solidified, the core 15 is fixed in a state 
that the tensile force is still acting. Therefore, the core 15 of the obtained optical fiber has residual stress in a 
longitudinal direction according to the tensile force in the drawing process. This tensile force can be changed 
by altering the drawing velocity or the temperature of the heating furnace continuously or cyclically. The amount 
of the residual stress of the optical fiber can be predicted theo- the residual stress of the optical fiber can be 
predicted theo-retically by the following equation (I), and the Brillouin shift frequency AfB by equation (II) 



A2E2 



AiEt +A2E2 



wherein 

6e: variation width of residual stress 
1 : core, 2: cladding layer 
25 A: cross-sectional area 
E: Young's Modulus 
n: glass viscosity at high temperature 
5F: variation width of drawing force 

6 ( Af B) _ A ftK ~ /m 

30 -4.65Ss (II) 

wherein 

AfB: Brillouin shift frequency 

AfBO: Brillouin shift frequency before alteration 

As described above, by adjusting constitutional parameters such as diameter of the core, index of refraction 
of the core material, the amount of residual stress in the core, diameter of the optical fiber, or the composition 
of the glass material suitably along the longitudinal direction of the optical fiber, the Brillouin shift frequency 
AfB can be controlled so as to prevent the occurrence of induced Brillouin scattering. 

Alternatively, by adopting a material having a relatively large index of diffraction in the glass constituting 
the core of the optical fiber, and by altering the amount of the doping elements added along the longitudinal 
direction, the transmission velocity of the acoustic wave in the core can be changed so as to control the Brillouin 
shift frequency to suppress the induced Brillouin scattering. 

(First Example) 

The first example is an optical fiber having altered diameter along the longitudinal direction. Fig. 1 is a graph 
showing the variation of the diameter of the example, wherein the x-axis depicts length of the optical fiber, and 
the y-axis depicts diameter of the core. The single mode optical fiber is manufactured through the ordinary VAD 
method from the quartz glass, wherein the accumulation conditions of the glass particles are controlled so as 
to alter the diameter of the core in a sine curve along the longitudinal direction of the optical fiber. The consti- 
tutional parameters of the optical fiber are as follows: 



55 



5 



BNSDOCID: <EP 051B749A2_L> 



EP 0 518 749 A2 



Outer Diameter 125 urn 

5 

Wavelength of Variation 
w of the Diameter of the Core about 4 to 6 km 

Ratio of Index of Refraction 
75 between the Core and the 

Cladding Layer 0.37 % 

20 Composition of the Core Glass Germanium-doped Quartz 

Glass 

25 Composition of the Cladding Glass Pure Quartz Glass 
Length of the Optical Fiber about 40 km 

30 As a result of measurement of the induced Brillouin scattering by the measuring system shown in Fig. 4, 

the threshold was found to be about 9 dBm. 

(Second Example) 

35 An optical fiber having altered residual stress along the longitudinal direction was manufactured. Fig. 2 is 

a graph showing variation of the tensile force added to the base material for optical fiber in the drawing process 
as illustrated in Fig. 7, wherein the x-axis depicts fiber length and the y-axis depicts tensile force relative to a 
standard tensile force. The base material 1 1 was produced by the conventional process and formed into an 
optical fiber 1 5 of a single mode through a drawing process wherein the tensile force was altered in a rectangular 

40 wave so that the residual stress occurs therein. The constitutional parameters of the optical fiber are as follows: 

45 
50 
55 
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Outer Diameter 125 ^m 

Diameter of the Core 9 M m 

Ratio of Index of Refraction 
between the Core and the 
Cladding layer 0.38 % 

Composition of the Core Glass Pure Quartz Glass 

Composition of the Cladding Glass Fluoride Added Quartz 

Glass 

Diameter of the Mode Field about 10 

Transmission Loss about 0.178 dB/km 

Length of the Optical Fiber about 50 km 

Variation of Drawing Tensile Force 40 g 

35 The amount of induced Brillouin scattering was measured by the measuring system shown in Fig. 4. The 

result is shown in Fig. 5 by continuous lines. The threshold of induced Brillouin scattering of the optical fiber 
of this example is 1 1 .5 dBm. 

(Third Example) 

40 

The optical fiber of the third example was obtained by the same process as the second example except 
that the drawing force was altered in accordance with the triangular wave as shown in Fig. 3 instead of the 
rectangular wave. 

By the result of measurement by the measuring system of Fig. 4, the threshold of induced Brillouin scat- 
45 tering is approximately 20 dBm. 

As explained above, by altering the constitutional parameters along the longitudinal direction of the optical 
fiber, the threshold of the induced Brillouin scattering was fairly improved compared to that of conventional opt- 
ical fiber, i.e., 7.5 dBm. 

so 

Claims 

1. An optical fiber comprising a core and a cladding layer wherein at least one of the constitutional parameters 
thereof changes along the longitudinal direction of the optical fiber. 

55 

2. An optical fiber according to claim 1 , wherein the diameter of the core changes along the longitudinal di- 
rection of the optical fiber. 
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An optical fiber according to claim 2, wherein the diameter of the core changes cyclically along the long- 
itudinal direction of the optical fiber. 

An optical fiber according to claim 3, wherein the diameter of the core changes according to a sine curve 
along the longitudinal direction of the optical fiber. 

An optical fiber according to claim 1, wherein the index of refraction of the core changes along the longi- 
tudinal direction of the optica! fiber. 

An optical fiber according to claim 5, wherein the index of refraction of the core changes cyclically along 
the longitudinal direction of the optical fiber. 

7. An optical fiber according to claim 1 , wherein the residual stress in the core changes along the longitudinal 
direction of the optical fiber. 

15 8. An optical fiber according to claim 7, wherein the residual stress in the core changes cyclically along the 
longitudinal direction of the optical fiber. 

9. An optical fiber according to claim 8, wherein the residual stress in the core changes according to a rec- 
tangular wave along the longitudinal direction of the optical fiber. 
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10. An optical fiber according to claim 8, wherein the residual stress in the core changes according to a trian- 
gular wave along the longitudinal direction of the optical fiber. 

11. An optical fiber according to claims 1 to 10, wherein the optical fiber is of a single mode. 
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FIG.5 
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(£) Optical fiber. 

(57) The present invention is directed to an optical 
fiber comprising a core and a d adding layer 
wherein at least one of the constitutional par- 
ameters thereof changes along the longitudinal 
direction of the optical fiber. In order to present 
a useful optical fiber wherein the occurrence of 
a Brillouin scattering is prevented, an optical 
fiber having altered constitutional parameters is 
found to be effective. The constitutional par- 
ameters mean the parameters which determine 
the constitution of the optical fiber and is cap- 
able of influencing the condition of electromag- 
netic wave transmitting therethrough such as 
light or acoustic wave. The constitutional par- 
ameters include diameter of the core, index of 
refraction of the core, diameter of the optical 
fiber, composition of the glass, residual stress 
of the core. Some examples are disclosed about 
their manufacturing process and the test re- 
sults. Much improvement was measured, espe- 
cially in the use for a single mode optical fiber. 
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